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Conserved Requirement of Lim1 Function
for Cell Movements during Gastrulation
1998; Hobert and Westphal, 2000). In the mouse, tar-
geted disruption of the Lim1 gene leads to the loss
of anterior head structures and kidneys (Shawlot and
Neil A. Hukriede,1 Tania E. Tsang,2
Raymond Habas,1 Poh-Lynn Khoo,2
Kirsten Steiner,2 Daniel L. Weeks,3
Behringer, 1995). In Xenopus laevis, Lim1 (Xlim1) is firstPatrick P.L. Tam,2 and Igor B. Dawid1,*
expressed in the gastrula organizer and, subsequently,1Laboratory of Molecular Genetics
in notochord, kidney, brain, and sensory neurons (TairaNational Institute of Child Health
et al., 1992, 1994a; Toyama et al., 1995). Xlim1 is aand Human Development
transcriptional activator that can trigger dorsal/anteriorNational Institutes of Health
development upon expression of its hyperactive formsBethesda, Maryland 20892
(Breen et al., 1998; Kodjabachian et al., 2001; Taira et2 Embryology Unit
al., 1994b).Children’s Medical Research Institute
While intensive studies of the organizer have focusedLocked Bag 23
on inductive interactions and transcriptional regulation,Wentworthville NSW 2145
the molecular basis of gastrulation movements remainsAustralia
less well understood. The noncanonical, or planar cell3 Department of Biochemistry
polarity (PCP), branch of the Wnt signaling pathway hasUniversity of Iowa
been implicated in the regulation of cell movementsIowa City, Iowa 52242
during gastrulation (Huelsken and Birchmeier, 2001). In
vertebrates, it has been demonstrated that a Wnt-11/
Frizzled7 (Fz7)/Dishevelled (Dvl) cassette mediates theSummary
protrusive activity of cells required for convergent exten-
sion movements. Downstream of Dvl, c-Jun kinase (JNK)To investigate Lim1 function during gastrulation, we
and the small GTPase RhoA play critical roles in cellused transcript depletion through DEED antisense oli-
movements of the dorsal mesoderm (Habas et al., 2001;gonucleotides in Xenopus and cell transplantation in
Wallingford et al., 2000; Wunnenberg-Stapleton et al.,mice. Xenopus embryos depleted of Lim1 lack anterior
1999; Yamanaka et al., 2002). Although RhoA is ex-head structures and fail to form a proper axis as a
pressed throughout the embryo, the active GTP form ofresult of a failure of gastrulation movements, even
RhoA is detected only on the dorsal side, and inhibitionthough mesodermal cell identities are specified. Simi-
of RhoA activation leads to a failure of axial extensionlar disruption of cell movements in the mesoderm is
and loss of head structures (Habas et al., 2001). In zebra-also observed in Lim1/ mice. Paraxial protocadherin
fish, the distinct JAK/STAT pathway has also been impli-(PAPC) expression is lost in the nascent mesoderm of
cated in cell movements during gastrulation (YamashitaLim1/ mouse embryos and in the organizer of Lim1-
et al., 2002).depleted Xenopus embryos; the latter can be rescued
Whereas the Wnt and JAK/STAT pathways regulateto a considerable extent by supplying PAPC exoge-
cell movements in the embryo, structural moleculesnously. We conclude that a primary function of Lim1
such as cadherins, including protocadherins, integrins,in the early embryo is to enable proper cell movements
and fibronectin, are involved directly in the execution ofduring gastrulation.
these movements (Davidson et al., 2002; Hadeball et
al., 1998; Kim et al., 1998; Reintsch and Hausen, 2001;Introduction
Winklbauer and Keller, 1996). In Xenopus, paraxial and
axial protocadherins (PAPC and AXPC, respectively)
The gastrula organizer is critical for the generation of the
play a role in gastrulation movements, and both can
embryonic axis of vertebrates (Spemann and Mangold, enhance cell-cell aggregation in the embryo (Kim et al.,
2001 [republished 1924 article]). To accomplish this 1998; Kuroda et al., 2002). PAPC is expressed in the
function, the organizer gives rise to axial mesoderm, dorsal organizer from blastula through midgastrula
induces the nervous system, and orchestrates gastrula- stages, while AXPC expression in the axial mesoderm
tion movements that are instrumental in generating the becomes apparent toward the end of gastrulation (Kim
anterior-posterior axis and, in particular, the head (Har- et al., 1998; Kuroda et al., 2002). Inhibition of PAPC
land and Gerhart, 1997). The study of organizer-specific function through a dominant-negative form has been
gene expression has proven to be effective in revealing shown to inhibit mesodermal cell movements without
the molecular mechanisms that underlie these events. affecting tissue identity (Kim et al., 1998).
One such organizer-specific gene, Lim1, encodes a pro- Earlier studies of Lim1 function have raised some in-
tein comprised of two LIM domains, which are protein triguing questions. While Lim1 acts as a transcriptional
interaction modules, and a homeodomain. LIM domain- activator that can induce mesoderm in Xenopus animal
containing molecules constitute a large family of diverse explants, Lim1 mutant mice still generate mesoderm but
factors with functional roles in both the cytoplasm and fail to undergo proper gastrulation and do not develop
nucleus, among which the LIM homeodomain transcrip- cephalic structures anterior to the otic vesicle (Kinder
tion factors form an important subgroup (Dawid et al., et al., 2001; Shawlot and Behringer, 1995; Shawlot et
al., 1998; Taira et al., 1994b, 1997). In the present report
we address the mechanism of Lim1 function in two ways.*Correspondence: idawid@nih.gov
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We applied a loss-of-function approach to Xenopus
embryos, employing the recently developed N,N-diethyl-
ethylenediamine (DEED) antisense oligonucleotides (Dagle
et al., 2000), and made use of Lim1 mutant mice in a
chimera approach to test for migratory ability of Lim1/
embryonic cells. Xenopus embryos depleted of Lim1
still express many organizer genes, but involution of
axial mesoderm is strongly inhibited and mesodermal
cells fail to maintain separation from the ectoderm. In
the mouse we found that Lim1/ mesodermal cells do
not ingress properly when transplanted into wild-type
embryos. We further identify PAPC, an adhesion mole-
cule involved in cell movements, as a target of Lim1,
providing a mechanistic basis for the role of this tran-
scription factor in cell movements and cell behavior in
gastrulation.
Results
Depletion of Xlim1 Transcripts Causes Head
Truncation and Axial Defects
To study the loss-of-function phenotype of the Lim1
gene in Xenopus, we employed an antisense depletion
strategy. A DEED antisense oligonucleotide (DEED-AS)
for targeted degradation of the Xlim1 transcripts was
Figure 1. Depletion of Xlim1 Transcripts with DEED Oligonucleo-
selected by two criteria. First, the sequence should be tides, Phenotype and Rescue of Depleted Embryos
unique, particularly, relative to the highly similar Xlim5 All injections were targeted dorsally at the four-cell stage.
gene. Second, the antisense oligonucleotide had to gain (A) Xlim1 protein structure, including the two LIM domains and the
access to the transcript to promote RNaseH-mediated homeodomain (HD); the black bar shows the position of the DEED
oligonucleotide.degradation. After testing several oligonucleotides for
(B) RT/PCR assay of Xlim1 RNA in control and Xlim1 DEED-AS-mediating degradation of Xlim1, but not Xlim5, mRNA,
injected embryos; EF1 is the loading control.a position in the linker region was chosen (Figure 1A;
(C–F) In situ hybridization with Xlim1; cross-section at S10.5; dorsal
see Experimental Procedures). Since Xlim1 is mostly to the right; (C) 1000 pg control DEED; (D) 200 pg Xlim1 DEED; (E)
expressed on the dorsal side of the gastrulating embryo 400 pg Xlim1 DEED; (F) 600 pg Xlim1 DEED.
(Taira et al., 1992), we injected the DEED-AS into the (G and K) One thousand picograms of control DEED.
(H) Two hundred picograms of Xlim1 DEED.two dorsal blastomeres at the four-cell stage. Xlim1
(I and L) Four hundred picograms of Xlim1 DEED.DEED-AS injection led to substantial reduction of Xlim1
(J) Six hundred picograms of Xlim1 DEED.transcripts in a dosage-dependent manner (Figures 1B–
(M–P) Rescue experiments; all embryos were injected with 400 pg
1F). Injection of a low dose (200 pg) Xlim1 DEED-AS Xlim1 DEED plus 10 pg -gal mRNA (M), 10 pg zf lim1 mRNA (N),
resulted in a shortening of the axis and reduction of 10 pg Xlim5 mRNA (O), or 10 pg Xlim3 mRNA (P).
anterior head structures, but the cement gland and dis- (G–J and M–P) Unstained embryos.
(K and L) Embryos stained with notochord-specific MZ15 antibody,cernable eye were still present in 88% (n  88) of em-
all at S32.bryos (Figure 1H). Acephalic embryos with a strong re-
duction of cement gland were found in 97% of embryos
treated with 400 pg (n  103) or 600 pg (n  70) DEED- assays (Kodjabachian et al., 2001) but is sufficiently di-
vergent in the linker region to be insensitive to DEED-ASAS; these embryos also showed truncation of the body
axis (Figures 1I and 1J). Injection of a control DEED depletion. Injection of zf lim1 mRNA results in effective
rescue of the phenotypic effects of DEED-AS in 76%oligonucleotide up to 1 ng per embryo had no pheno-
typic consequences. (n  45) of the injected embryos (compare Figures 1M
and 1N), showing that the action of the antisense reagentAs Lim1/ mice show a loss of anterior head struc-
tures but retain segments of the notochord and skeletal is specific and confirming that Xlim1 and zf lim1 are
functionally equivalent.muscle (Shawlot and Behringer, 1995), we tested
whether these structures are present in the DEED-AS- The Xlim5 gene encodes a protein that is highly similar
to Xlim1 but that is expressed in a different spatial pat-injected embryos. A foreshortened notochord was de-
tected in these embryos by staining with MZ15 antibody tern (Toyama et al., 1995). As shown in Figure 1O, Xlim5
mRNA could achieve substantial rescue of embryonic(Figure 1L), and somites (stained with the 12/101 anti-
body; data not shown) were also present. Therefore, development in 53% (n  47) of injected embryos, but
less completely than zf lim1 mRNA. Not every LIM ho-DEED-AS-mediated depletion of Xlim1 transcripts closely
phenocopies the Lim1 mutation in mice. meobox gene can rescue Xlim1 depletion, as Xlim3, a
member of a different subclass of this gene family (Ho-Rescue experiments verified that the phenotype de-
scribed above is due to specific depletion of Xlim1 bert and Westphal, 2000; Taira et al., 1993) did not res-
cue the Xlim1 DEED-AS phenotype (Figure 1P; 0% res-mRNA. We used zebrafish (zf) lim1 synthetic mRNA,
which functions identically to Xlim1 mRNA in various cue, n  30).
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Expression of Organizer Genes
in Xlim1-Depleted Embryos
As Xlim1 is a transcriptional activator (Breen et al., 1998),
we tested whether the expression of genes in the orga-
nizer region, where Xlim1 is expressed, is affected by
reduction of Xlim1 function. Organizer genes, with a
notable exception to which we will return later, were
expressed at approximately normal levels in Xlim1
DEED-AS-injected embryos. In early gastrulae (stage
10.5 [S10.5]), the dorsal mesodermal markers chd and
gsc are essentially unaffected (Figures 2A, 2B, 2E, and
2F). At the late gastrula stage (S12), these genes were
still expressed, but the cells expressing these genes did
not occupy their normal position in Xlim1 DEED-AS-
injected embryos. Involution of the axial mesoderm that
normally expands the chd domain while translocating
the gsc domain anteriorly was reduced in the depleted
embryos (Figures 2C, 2D, 2G, and 2H). At the end of
gastrulation (S13.5), gsc-positive cells marking the pre-
chordal plate should be found at the anterior end of the
embryo (Figure 2I; section in Figure 2K), but, in DEED-
AS-injected embryos, these cells had advanced just
slightly toward the animal pole, while some of them
intermingled with the endoderm (Figures 2J and 2L).
This retention of expression associated with compro-
mised cell movements was also seen with Xnot, which
is first found in the organizer and later in the notochord
(Figures 1M–1P). At S13.5, but not before, two anterior
neuroectodermal domains begin to express Xnot in ad-
dition to the notochord; these regions will eventually
converge to the midline to form the epiphysis or pineal
(Gont et al., 1993). This neuroectodermal Xnot expres-
sion is initiated in DEED-AS-injected embryos at the
same time as in controls (Figures 2M and 2N, arrows),
indicating that the affected embryos are not simply de-
layed in their development, but, rather, show a specific
deficit in gastrulation movements.
We next tested genes known to be required for head
Figure 2. In Situ Hybridization with Molecular Markers
formation and involved in the regulation of gastrulation
Thirty embryos were used for each assay. Embryos in columns onemovements, including cerberus (cer) (Bouwmeester et
and three are injected with 400 pg control DEED (A, C, E, G, I, K,
al., 1996), Wnt11 (Tada and Smith, 2000), dickkopf (dkk) M, O, Q, S, U, W, and Y), and embryos in columns two and four are
(Glinka et al., 1998), and Xnr3 (Smith et al., 1995). The injected with 400 pg Xlim1 DEED (B, D, F, H, J, L, N, P, R, T, V, X,
and Z); (A–H and S–V) vegetal view; (I, J, M, N, and W–Z) dorsalvariable expression of cer from significant reduction to
view.no change (Figures 2Q and 2R) is reminiscent of the
(A and B) chd; S10.5; dorsal is up.pattern of Cerl (cerberus-related 1) expression in Lim1/
(C and D) chd; S12; dorsal is up.mice (Shawlot et al., 1998). In contrast, the expression
(E and F) gsc; S10.5; dorsal is up.
of Wnt-11 and dkk (Figures 2S–2V) and Xnr3 (data not (G and H) gsc; S12; dorsal is up.
shown) was unaffected by Xlim1 depletion. (I–L) gsc; S13.5; anterior is up.
(K and L) Longitudinal sections along the dorsal midline.As Xlim1-depleted embryos show a loss of head struc-
(M–P) Xnot; S13.5; anterior is up; arrows point to epiphysis staining.tures, we tested for the expression of early neuroecto-
(O and P) Longitudinal sections.dermal marker genes. Both otx2 and krox20 were ex-
(Q and R) cer; S10.5; cross-section; dorsal to the right.pressed at approximately normal levels at the neurula
(S and T) Xwnt-11; S11; dorsal is up.
stage, despite the abnormal morphology of the embryos (U and V) dkk; S10.5; dorsal is up
(Figures 2W–2Z). Thus, initial neural induction takes (W and X) otx2; S15; anterior is up.
(Y and Z) krox20; S19; anterior to the left; arrow and arrowheadplace in Xlim1-depleted embryos.
pointing to rhombomeres 3 and 5, respectively.
The Role of Xlim1 in Cell Movements
The phenotype of embryos injected with Xlim1-DEED-
AS suggested that gastrulation movements are compro- to undergo pronounced elongation (Green and Smith,
1990). Animal caps treated with Activin displayed elon-mised in these embryos. To investigate this phenotype,
we used an ectodermal explant (animal cap) assay. Ani- gation (94%, n 36), while none of the untreated animal
caps did (n  36) (Figure 3E; compare Figures 3A andmal caps are specified as atypical epidermis but can be
induced by Activin to differentiate into mesoderm and 3B). None of the 36 animal caps injected with Xlim1
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Figure 3. Animal Cap Elongation Assay
(A and B) Untreated, lateral view (A) and top view (B).
(C and D) Injection of 800 pg Xlim1 DEED at the two-cell stage and
then treatment with 200 pM Activin, lateral view (C) and top view (D).
(E) Control animal caps treated with 200 pM Activin.
(F) Injection of 800 pg control DEED and then treatment with 200
pM Activin.
(G) Injection of 800 pg Xlim1 DEED plus 400 pg activated Lim1
Figure 4. Separation and PKC Phosphorylation Assays
(Kodjabachian et al., 2001) and then treatment with 200 pM Activin.
Embryos were injected at the two-cell stage, and dorsal lips were(H) RT/PCR assay for gsc, chd, and EF1 as loading control. (1)
dissected from S10.5 embryos, placed upon an inverted S9 animalWhole embryo, no RT; (2) whole embryo plus RT; (3–6) animal caps;
explant, and cultured for 2 hr while being observed under a fluores-(3) untreated; (4) 200 pM Activin; (5) injection of 800 pg control DEED
cence microscope.and 200 pM Activin; (6) injection of 800 pg Xlim1 DEED and 200 pM
(A–F) Eight hundred picograms control DEED plus 0.05% fluoresceinActivin.
dextran (A–C); 800 pg Xlim1 DEED plus 0.05% fluorescein dextranNote the inhibition of elongation in the Xlim1 DEED-AS-injected
(D–F). In the control series (A–C), fluorescent cells remained segre-animal caps (C and D), but retention of expression of mesodermal
gated from the animal explants, while Xlim1 DEED-injected cellsgenes ([H], lane 6).
(D–F) intermingled with the animal explants.
(G) PKC phosphorylation levels in the embryo are not affected
by Xlim1-DEED injection. Embryos were injected with Myc-taggedDEED-AS and treated with Activin exhibited elongation
PKC mRNA plus 800 pg control or Xlim1 DEED. Phosphorylated(Figures 2C and 2D), whereas 94% (n 36) of the control
PKC and total Myc-PKC were visualized with the appropriate
DEED-injected animal caps did (Figure 3F). However, antibodies (see Experimental Procedures).
activation of several mesodermal marker genes was un-
affected in Xlim1 DEED-AS-injected animal caps, show-
ing that mesoderm has been induced, despite of the the underlying ectoderm over the 2 hr time course (n 
29) (Figures 4A–4C). In contrast, 81% (n  26) of theabsence of morphogenetic changes (Figure 3H). Elonga-
tion behavior could be rescued in 75% (n  36) of the Xlim1-depleted explants intermingled with the underly-
ing ectoderm, although mixing was not as rapid as thatDEED-AS-injected animal caps by coinjection of mRNA
encoding an activated form of Lim1 (Figure 2G). among ectodermal cells (Wacker et al., 2000, and data
not shown). Loss of Xlim1 function therefore impairsIn addition to undergoing gastrulation movements,
axial mesoderm has a distinct property of maintaining tissue separation in the Xenopus embryo.
The ability of mesodermal cells to segregate from theseparation from the overlying ectoderm, or blastocoel
roof, leading to the formation of Brachet’s cleft (Poznan- ectoderm depends on Frizzled signaling through protein
kinase C (PKC) (Winklbauer et al., 2001). Therefore, weski and Keller, 1997). We tested whether explants from
the axial mesodermal region of Xlim1-DEED-AS-injected tested whether activation of PKC was affected in Xlim1-
depleted embryos. No difference in the level of PKCembryos are able to maintain this type of separation,
using an assay developed by Winklbauer and colleagues phosphorylation could be detected between Xlim1-
DEED-injected and control embryos (Figure 4G).(Wacker et al., 2000; Winklbauer et al., 2001). Donor
embryos were injected with control or Xlim1-DEED-AS
at the two-cell stage, together with a fluorescent marker. Evolutionary Conservation of Lim1 Function
in GastrulationGroups of labeled mesodermal cells from the early dor-
sal lip of donor embryos were placed onto unlabeled In the absence of Lim1 activity, mouse embryos fail to
form anterior head structures (Shawlot and Behringer,animal caps and cultured for 2 hr. All control DEED-
injected mesodermal explants remained separated from 1995). Analysis of the development of Lim1//wild-type
Lim1 Controls Cell Movements during Gastrulation
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chimeras reveals that Lim1 function is required for the
differentiation of anterior mesoderm, but not the neu-
roectoderm (Shawlot et al., 1999). During murine gastru-
lation, the mesoderm forms by the recruitment of epi-
blast cells that ingress at the primitive streak and by
migration of the nascent mesenchyme to occupy axial
and paraxial positions (Tam and Beddington, 1987; Tam
and Behringer, 1997; Tam et al., 2001). The axial meso-
derm that is associated with the early neural plate is
essential for inducing morphogenesis and patterning of
the cephalic neural tube (Camus et al., 2000). The failure
of Lim1/ embryos to undergo head morphogenesis
might therefore be due to the lack of interaction between
the axial mesoderm and the neural primordium. The fact
that markers for axial mesoderm, such as Gsc, Foxa2,
and Chd, are still expressed in the epiblast of the Lim1/
primitive streak stage embryos (Kinder et al., 2001;
Shawlot and Behringer, 1995) suggests that the precur-
sors of axial mesoderm are formed. The studies on Xen-
opus point to the regulation of cell behavior as a major
function of Lim1, and, therefore, we tested the move-
ment of Lim1/ cells by cell transplantation between
wild-type and Lim1/ mouse embryos.
Analysis of the morphogenetic behavior of any cell
requires knowledge of its normal fate. In wild-type em-
bryos, sites A, M, and P correspond to the anterior,
middle, and posterior regions of the primitive streak
(Figure 5A), and precursors of different mesodermal tis-
sues are found in these segments and the adjacent
posterior epiblast (Kinder et al., 1999). Anterior primitive
streak contains the precursors of axial and paraxial
mesoderm, the middle contains those of lateral plate
and intermediate mesoderm, and the posterior contains
those of the posterior trunk and extraembryonic meso-
derm. In the Lim1/ embryo, the primitive streak ex-
tends to about two-thirds the length on the posterior
side of the embryo (Kinder et al., 2001; Shawlot and
Behringer, 1995), and mesodermal progenitors are local-
ized mostly to the posterior epiblast adjacent to and
within the foreshortened streak (sites M and P of Lim1/
embryos; Figure 5A and 5B). The domains occupied by
the progenitors of the paraxial, lateral, and extraembry- Figure 5. Transplantation of Wild-Type and Lim1/ Cells in Mouse
Embryosonic mesoderm are less well defined in Lim1/ embryos
than those in wild-type embryos (Tsang et al., 2000). (A) Sites of origin of donor cells (A, M, and P) from the posterior
region of wild-type and mutant embryos, and transplantation sitesCells in the epiblast anterior to the foreshortened primi-
in the anterior, middle, and posterior segments (AS, MS, and PS) oftive streak of the Lim1/ embryo (site A; Figure 5B)
the primitive streak of wild-type host embryo.are fated to contribute to neuroectoderm (T.E.T. and
(B) Sites of origin of donor cells (A, M, and P) in the posterior regionP.P.L.T., unpublished data). of the LGX (Lim1/;lacZ;EGFP) embryos and equivalent sites in the
Two types of transplantation experiments were per- Lim1/ host embryo, which also shows the Wnt3 expression domain
formed. First, cells were transplanted to wild-type host marking the extent of the primitive streak (see Table 1, footnotes).
embryos. Since development of Lim1/ embryos was (C–E) Localization of graft-derived cells immediately after trans-
plantation (left column, EGFP fluorescence) and after 24 hr of inindistinguishable from that of wild-type through neurula-
vitro development (middle column, X-gal stained whole mount; righttion, they are jointly referred to as wild-type. Cells iso-
column, histological section).lated from the A, M, and P sites of wild-type and Lim1/
(C) Lim1/ cells grafted to the anterior region of the primitive streak
embryos were transplanted to three sites in the primitive (AS site) of wild-type host embryo, showing distribution in the para-
streak (AS, MS, and PS) of wild-type host embryos, xial mesoderm in the trunk.
respectively (Figure 5A). Second, cells from sites A, M, (D) Lim1/ cells transplanted to site M of Lim1/ host embryo,
and P of Lim1/ donor embryos were transplanted to showing cells confined to the posterior mesoderm and the ectoderm
of the posterior neuropore.equivalent sites in Lim1/ host embryos (Figure 5B).
(E) Lim1/ cells transplanted to site A of Lim1/ host embryo, show-Transplantation to Wild-Type Host
ing predominant localization in the neuroectoderm of the presump-In the P to PS transplantation, over 75% of wild-type
tive hindbrain of the malformed cranial neural tube.
graft-derived cells were found in the posterior meso-
derm, but some migrated more anteriorly to the cranial
and trunk mesoderm (Table 1). Lim1/ mutant cells that
were transplanted to the PS site colonized the posterior
Developmental Cell
88
T
ab
le
1.
C
el
lM
o
ve
m
en
ts
R
ev
ea
le
d
b
y
th
e
D
is
tr
ib
ut
io
n
o
f
G
ra
ft
-D
er
iv
ed
C
el
ls
in
th
e
H
o
st
E
m
b
ry
o
af
te
r
T
w
en
ty
-F
o
ur
H
o
ur
s
In
V
itr
o
D
ev
el
o
p
m
en
t
W
ild
-T
yp
e
an
d
Li
m
1
/ 
an
d
Li
m
1
/ 
C
el
ls
T
ra
ns
p
la
nt
ed
to
W
ild
-T
yp
e
H
o
st
E
m
b
ry
o
s
D
o
no
ra
to
G
ra
ft
S
ite
b
T
is
su
e
D
is
tr
ib
ut
io
n
(P
er
ce
nt
ag
e
o
f
T
o
ta
lP
o
p
ul
at
io
n)
N
o
.
E
m
b
ry
o
s
N
o
.
E
m
b
ry
o
s
N
o
.
G
ra
ft
-D
er
iv
ed
C
ra
ni
al
T
ru
nk
P
o
st
er
io
r
V
as
cu
la
r
P
o
st
er
io
r
G
en
o
ty
p
e
o
f
D
o
no
r
C
el
ls
G
ra
ft
ed
A
na
ly
ze
d
C
el
ls
M
es
o
d
er
m
M
es
o
d
er
m
M
es
o
d
er
m
T
is
su
es
c
N
eu
ra
lT
is
su
e
P
to
P
S

/
,

/
30
15
10
26
6.
1
11
.2
77
.9
0
4.
8

/
15
8
37
7
0
0
75
.8
0
24
.1
M
to
M
S

/
,

/
24
20
86
0
0
35
.7
61
.8
0
2.
6

/
13
10
76
2
0
39
.3
60
.7
0
0
A
to
A
S

/
,

/
9
7
14
4
0
10
0.
0
0
0
0

/
13
11
44
7
0
35
.6
36
.2
17
.4
10
.7
T
is
su
e
D
is
tr
ib
ut
io
n
o
f
G
ra
ft
-D
er
iv
ed
Li
m
1
/ 
C
el
ls
T
ra
ns
p
la
nt
ed
to
Li
m
1
/ 
E
m
b
ry
o
s
T
is
su
e
D
is
tr
ib
ut
io
n
(P
er
ce
nt
ag
e
o
f
T
o
ta
lP
o
p
ul
at
io
n)
N
o
.
G
ra
ft
-D
er
iv
ed
C
el
ls
C
ra
ni
al
C
ra
ni
al
T
ru
nk
P
o
st
er
io
r
E
xt
ra
em
b
ry
o
ni
c
P
o
st
er
io
r
G
ut
D
o
no
r
to
G
ra
ft
S
ite
d
(N
o
.
E
m
b
ry
o
s)
N
eu
ra
lT
ub
e
M
es
o
d
er
m
M
es
o
d
er
m
M
es
o
d
er
m
M
es
o
d
er
m
N
eu
ra
lT
is
su
e
E
nd
o
d
er
m
P
to
P
(P
S
*)
65
6
(6
)
0
0
14
.6
69
.9
12
.8
2.
1
0.
5
M
to
M
(A
S
*)
27
9
(4
)
0
6.
1
3.
6
69
.5
4.
7
13
.6
2.
5
A
to
A
(e
p
ib
la
st
)
51
(1
)
10
0
0
0
0
0
0
0
a D
o
no
r
si
te
s;
p
o
st
er
io
r
(P
),
m
id
d
le
(M
),
an
d
an
te
ri
o
r
(A
)
re
g
io
ns
o
f
th
e
p
o
st
er
io
r
ep
ib
la
st
.
b
T
ra
ns
p
la
nt
at
io
n
si
te
s;
p
o
st
er
io
r
se
g
m
en
t
(P
S
),
m
id
d
le
se
g
m
en
t
(M
S
),
an
d
an
te
ri
o
r
se
g
m
en
t
(A
S
)
o
f
th
e
fu
ll-
le
ng
th
p
ri
m
iti
ve
st
re
ak
o
f
th
e
w
ild
-t
yp
e
ho
st
em
b
ry
o
s.
c
V
as
cu
la
r
tis
su
es
;
g
ra
ft
-d
er
iv
ed
ce
lls
co
lo
ni
ze
d
th
e
va
sc
ul
ar
en
d
o
th
el
iu
m
b
ut
w
er
e
no
t
re
st
ri
ct
ed
to
an
y
b
o
d
y
le
ve
l.
d
P
an
d
M
si
te
s
co
rr
es
p
o
nd
to
th
e
p
o
st
er
io
r
se
g
m
en
t
(P
S
*)
an
d
an
te
ri
o
r
se
g
m
en
t
(A
S
*)
,
re
sp
ec
tiv
el
y,
o
f
th
e
fo
re
sh
o
rt
en
ed
p
ri
m
iti
ve
st
re
ak
o
f
th
e
Li
m
1
/ 
ho
st
em
b
ry
o
.
Lim1 Controls Cell Movements during Gastrulation
89
presomitic mesoderm and, to a lesser extent, the neu- the cell movements that are essential for accomplishing
roectoderm of the posterior neuropore, but none were gastrulation.
found in the cranial and trunk mesoderm. In the M to
MS transplantations, Lim1/ mutant and wild-type cells Lim1 Function in Gastrulation Is Mediated
were distributed to similar sites in the mesoderm of the by PAPC
host embryos (Table 1). Lim1/ mutant cells in A to AS While the expression of most organizer genes tested
transplantation displayed the most disrupted pattern of was unaffected by interference with Xlim1 function, ex-
distribution, being localized to more posterior sites than pression of the PAPC gene was strongly inhibited in the
wild-type cells transplanted into the same location. early gastrula (Figures 6A and 6B). This gene encodes
Whereas all wild-type cells colonized the paraxial meso- Paraxial Protocadherin, a protein involved in cell adhe-
derm of the trunk (Figure 5C), the majority of Lim1/ sion that is expressed in the presumptive organizer by
cells were found more posteriorly, in the presomitic late blastula and has a role in cell movements (Kim
mesoderm, in neural tissue in the posterior neuropore et al., 1998). PAPC and Xlim1 are coexpressed in the
(Figure 5D), and in vascular tissue (Table 1). The graft- organizer and axial mesoderm from the late blastula
derived Lim1/ mutant cells intermingled with the neural (S9.5) through midgastrula (S11), after which PAPC ex-
and mesodermal cells of the host embryo, a behavior pression ceases in axial, and arises in paraxial, meso-
reminiscent of the inability of Xlim1-deficient cells to derm (Kim et al., 1998; Taira et al., 1992). The results of
maintain separation from the ectoderm (Figures 4D–4F). in situ hybridization were validated by RT/PCR, which
Transplantation to Mutant Host showed that the increase in PAPC mRNA normally seen
In the Lim1/ embryo, regions P and M correspond to during early gastrulation was absent in Xlim1-depleted
the posterior and anterior segments, respectively, of the embryos (Figure 6K). Three other mRNAs, tested as con-
foreshortened primitive streak, while region A is in the trols, showed no difference between untreated and ex-
epiblast, anterior to the primitive streak. Cells from these perimental embryos.
three sites were transplanted to the equivalent sites of In contrast to the loss of PAPC in the axial mesoderm
Lim1/ host embryos (Figure 5B). After transplantation of the Xlim1-depleted early gastrula, PAPC expression
to site P, graft-derived Lim1/ cells were found in the in the paraxial mesoderm of the late gastrula and neurula
posterior mesodermal and neural tissues (Table 1, “P to was unaffected (Figures 6C–6F). The caudal expression
P”), as were Lim1/ cells in wild-type host embryos of PAPC in the presomitic mesoderm of depleted em-
(Table 1, “P to PS”). This finding suggests that the impact bryos (Figure 6F) further suggests that tail formation
of Lim1 deficiency on the ability of the cells to undergo was initiated in these embryos but was arrested because
gastrulation movements is likely to be cell autonomous. of the failure of blastopore closure (see Figures 1H–1J).
The mutant cells also colonized the extraembryonic In the mouse, PAPC expression in nascent mesoderm
mesoderm of the allantois and yolk sac, a pattern not of late streak to early bud stage embryos was absent
encountered upon transplantation into wild-type hosts. in Lim1/ embryos (Figures 6G and 6H), but subsequent
Lim1/ cells grafted to the M/AS* site colonized the expression in the presomitic mesoderm and newly seg-
posterior mesoderm and neural tube (Figure 5D; Table mented somites was unaffected (Figures 6I and 6J; see
1, “M to M”) and the gut endoderm. Thus Lim1/ cells Supplemental Figure S1 at http://www.developmentalcell.
were distributed to more posterior regions than after com/cgi/content/full/4/1/83/DC1). These results, which
transplantation to anterior primitive streak (site AS) of are fully consistent between frogs and mice, point to
wild-type hosts (Table 1, “A to AS”). In addition, fewer independent regulation of PAPC expression in the axial
Lim1/ cells were found in the trunk mesoderm, but mesoderm in early gastrulation and the paraxial meso-
some were found in the cranial mesoderm. When Lim1/ derm during segmentation. The retention of PAPC ex-
cells were grafted to the epiblast (region A) of the Lim1/ pression in the paraxial mesoderm is compatible with
host embryo, all graft-derived cells were found in the
the formation of somites in the Lim1-deficient frog and
neuroectoderm in the anterior region of the host embryo
mouse embryos.
(Figure 5E; Table 1, “A to A”).
We next tested the functional consequences of lossAs a comparison with the behavior of mesodermal
of PAPC expression in the Xlim1-deficient embryo. Cellcells, we also examined the distribution of Lim1 mutant
adhesion molecules are important in mediating the acti-cells in the neuroectoderm, where growth is achieved
vation of Rho family GTPases (Fukata and Kaibuchi,primarily by epithelial expansion, rather than cell migra-
2001; Fukata et al., 1999; Kim et al., 2000b; Nakagawation. Wild-type and Lim1/ cells were transplanted or-
et al., 2001); Rho activation has been shown to be impor-thotopically to three sites in the anterior ectoderm of
tant for a plethora of developmental events, includingwild-type E7.5 host embryos, which correspond to the
cell movements in early gastrulation (Habas et al., 2001;prospective forebrain, midbrain, and hindbrain. No dif-
Settleman, 2001; Wunnenberg-Stapleton et al., 1999).ference in the behavior of wild-type and Lim1/ donor
In order to test whether Xlim1 depletion affects RhoAcells was observed, in that over 50% of graft-derived
activation in the frog embryo, we performed a Rho pull-cells of all genotypes colonized the appropriate regions
down assay of the levels of active, GTP-bound Rho (Renof the forebrain, midbrain, and hindbrain host embryos
et al., 1999). In the Xenopus embryo, high RhoA activity(data not shown).
is found in the dorsal marginal zone (DMZ), but not theTaken together, results obtained from studies of cell
ventral marginal zone (VMZ), of the early gastrula, evenmovements in two vertebrate embryos show that the
though Rho protein is distributed uniformly (Habas etmorphogenetic role of the Lim1 gene is conserved be-
al., 2001; Figure 6M, lanes 1 and 2). Depletion of Xlim1tween Xenopus and the mouse. In both species, defi-
mRNA by DEED-AS injection led to an almost completeciency in Lim1 function leads to a major disturbance in
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inhibition of Rho activation in the DMZ (Figure 6M, lane
4). Such a reduction can be caused by inhibition of PAPC
activity, as seen by the fact that injection of an interfering
form of PAPC (DN-PAPC; Kim et al., 1998) leads to sup-
pression of Rho activation (Figure 6M, lane 5). DAAM,
an activator of Rho (Habas et al., 2001), was not impaired
in its ability to activate Rho in the Xlim1-depleted em-
bryos, indicating that there was no deficit in Rho activa-
tion ability per se (Figure 6M, lane 6). We conclude from
these results that the inhibition of PAPC expression in
Xlim1-depleted embryos is associated with a failure of
Rho activation on the dorsal side, providing a plausible
molecular mechanism for the observed deficit in gastru-
lation movements.
We have tested directly whether Xlim1 is capable of
activating PAPC expression. As Xlim1 itself is not effec-
tive without confactors, we used a VP16 fusion con-
struct, known to behave as an activated form of Xlim1
(Kodjabachian et al., 2001). In the animal cap assay,
injection of Xlim1-VP16 mRNA led to strong activation
of the PAPC gene (Figure 6L, lanes 3 and 4). As expected
for a mesodermal gene, PAPC is also induced in this
system by Activin, and this expression was inhibited by
prior injection of Xlim1 DEED-AS (Figure 6L, lanes 5 and
6). These results indicate that PAPC is a target of Xlim1
in the gastrula.
Our observations suggest that downregulation of
PAPC may be the cause of the failure of gastrulation
movements. We explored this possibility by attempting
to rescue the phenotype of Xlim1-depleted embryos
with PAPC mRNA. We found that injection of carefully
adjusted levels of PAPC mRNA led to a substantial res-
cue of the effect of Xlim1 depletion (Figures 6N–6Q).
While 97% (n  74) of embryos injected with the anti-
sense reagent showed the truncation phenotype (Figure
6O; see also Figure 1), head and trunk development was
rescued in 52% (n  104) of embryos coinjected with
PAPC mRNA (Figures 6P and 6Q). The rescued embryos
formed head structures, such as forebrain, eyes, and
cement gland, all of which are missing in DEED-AS-
injected embryos, but shortening and bending of the
axis was still present in some PAPC-rescued embryos
(Figure 6Q). A variable degree of improved morphology
was found in the remaining 48% of embryos that were
Figure 6. Paraxial Protocadherin Expression, RhoA Activity, and classified as not rescued (Figure 6R).
Rescue after Xlim1 Depletion
(A–F) In situ hybridization with PAPC after injection with control (C)
DEED (A, C, and E) or Xlim1 (X) DEED (B, D, and F) at S10.5 (A and Discussion
B), S12.5 (C and D), and S19 (E and F); dorsal is up; 30 embryos
were used for each assay. Phenotypic Similarities between Xlim1-Depleted
(G–J) PAPC expression in wild-type (G and I) and Lim/ (H and J) Xenopus and Lim1/ Micemouse embryos at E7.5 early bud stage (G and H) and E8.5 five-
The role of Lim1 in vertebrate embryogenesis has beensomite stage (I and J).
an area of intensive investigation. The early expression(K) RT/PCR assay for PAPC, fz7, DAAM, and EF1 in Xlim1-depleted
embryos; the stage of RNA extraction and the oligonucleotide in- of Xlim1 suggested that this gene is required for orga-
jected are indicated at the top. Bottom panel is minus RT control. nizer formation or function, and the ability of Lim1 to
(L) Activation of PAPC expression in animal caps by Lim1. Embryos induce mesodermal identity has lent credence to this
were injected with 100 pg (lane 2) or 500 pg (lane 3) Lim1-VP16
mRNA or with 800 pg X-DEED (lane 6); animal caps were dissected
and exposed to 200 pM Activin (lanes 5 and 6); PAPC RNA was
assayed by RT/PCR.
(M) RhoA pull-down assay to measure active (GTP-bound) RhoA; (N–R) Rescue experiments, all embryos at S33/34; (N) uninjected
(1) ventral marginal zone (VMZ), (2) dorsal marginal zone (DMZ); control; (O) 400 pg X-DEED plus 150 pg -gal mRNA; (P and Q)
(3)–(6) represent DMZ from embryos injected with (3) 400 pg embryos rescued after injection of 400 pg X-DEED plus 150 pg
C-DEED, (4) 400 pg X-DEED, (5) 2 ng DN-PAPC, and (6) 400 pg PAPC mRNA; (R) embryos treated as in (P) and (Q) but counted as
X-DEED plus 200 pg C-DAAM. not rescued.
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hypothesis (Taira et al., 1992, 1994b). Yet, the mecha- mesoderm, but the anterior deficiency still persists
(Shawlot et al., 1998), suggesting that mutant cells arenism of Lim1 function and the nature of its targets have
remained elusive. Studies in the mouse showed that incapable of promoting head morphogenesis. However,
the defects in cell movement during gastrulation impactLim1 plays an important role during gastrulation for axis
formation. Lim1/ mice die by embryonic day 10.5 on head morphogenesis well before any inductive inter-
actions between axial mesoderm and neural tube pre-(E10.5) lacking anterior cephalic structures but undergo
some morphogenesis, as is evident by the presence of cursors take place. Our findings therefore imply that
the loss of anterior cephalic structures in Lim1-deficientnotochord and muscle (Shawlot and Behringer, 1995).
In addition, while mesoderm is induced in Lim1/ em- embryos results from a similar mechanism in Xenopus
and mice, where the axial mesoderm does not becomebryos, mesodermal cells are unable to differentiate
properly (Kinder et al., 2001; Tsang et al., 2000; Shawlot properly positioned to participate in interactions with
the neuroectoderm required for the formation of theand Behringer, 1995). We have now extended these
studies to demonstrate that a major function of Lim1 head.
during gastrulation is to regulate cell movements.
Xenopus embryos depleted of Xlim1 mRNA pheno- Lim1 Is Upstream of PAPC in Patterning
copy Lim1 knockout mice by displaying a loss of ce- of the Axial Mesoderm
phalic structures and a severe curvature of the embry- The emergence of effects on cell movements and cell
onic axis. In both embryos, trunk structures, such as behavior as the dominant consequence of loss of Lim1
notochord and somites, are formed but are morphologi- function led us to study the expression of PAPC in the
cally defective. In addition, DEED-AS-injected Xenopus affected Xenopus embryos. Among the two protocadh-
embryos express axial mesodermal markers, such as erin genes that have a role in the mesoderm of the
gsc and chd, as do Lim1/ mice. Thus, Lim1 is dispens- frog embryo, PAPC is expressed by late blastula in the
able for the early expression of these genes, raising the presumptive organizer, whereas localized AXPC expres-
possibility that Lim1 may have a subsequent role in sion arises only in the late gastrula (Kim et al., 1998;
the maintenance of their expression. The latter view is Kuroda et al., 2002). By late gastrulation PAPC expres-
supported specifically for gsc by the ability of Lim1 to sion is lost in the organizer and arises in paraxial meso-
bind to and activate the gsc promoter (Mochizuki et al., derm, where it has a role in somite formation (Kim et
2000). In addition, the presence of Lim1 binding sites in al., 1998, 2000a). PAPC function is required for gastrula-
the promoter of gsc and, possibly, other genes provides tion of frog and zebrafish embryos, as indicated by the
an explanation for the inhibition of the expression of use of interfering constructs (Kim et al., 1998; Yamamoto
several genes in the gastrula embryo by a Lim1- et al., 1998), but not in the mouse, presumably as a
Engrailed fusion protein (Kodjabachian et al., 2001). result of functional redundancy (Yamamoto et al., 2000).
Here we show that depletion of Xlim1 mRNA results in
a failure to activate the PAPC gene in early gastrulation,Lim1 Regulates Gastrulation Movements
Lim1 depletion experiments in Xenopus revealed a role leading to the suggestion that Xlim1 affects cell behavior
in the embryo through its regulation of PAPC and, possi-of this transcription factor in axial mesoderm involution.
Whole-embryo experiments are supported by showing bly, other uncharacterized protocadherin genes. About
70 protocadherins exist in mammals (Frank and Kemler,that animal caps injected with Xlim1 DEED-AS can be
induced to express mesodermal markers but fail to un- 2002), but only PAPC and AXPC have been studied for
their role during gastrulation. Thus, protocadherins indergo the characteristic elongation seen in control ex-
plants. Elongation of axial mesoderm is a highly orga- addition to PAPC might function during this time, and
their expression might also depend on Lim1 activity.nized process in which cells undergo coordinate
movements and maintain integrity and separation from Such a scenario may also explain the fact that papc is
downregulated in zebrafish embryos carrying the spade-the overlying ectoderm as involution occurs (Poznanski
and Keller, 1997; Reintsch and Hausen, 2001; Wacker tail mutation (Yamamoto et al., 1998). While such em-
bryos are capable of head formation, defects in theet al., 2000). In Xlim1-depleted embryos, a dorsal lip
forms, but the cells in its vicinity are unable to maintain behavior of dorsal marginal cells in spadetail embryos
(Warga and Nu¨sslein-Volhard, 1998) might be due to aeffective separation from ectoderm (Figure 4), indicating
a profound disruption of cell behavior. loss of papc expression. The most compelling evidence
for the view that interference with protocadherin expres-Since the phenotype of Xlim1-depleted embryos is
similar to that of Lim1/ mice, we reasoned that the sion is the critical functional consequence of Xlim1
depletion is the rescue of the phenotype by injection ofunderlying mechanisms may also be similar. As the
mouse cell transplantation assays demonstrate, Lim1/ PAPC mRNA; thus, exogenous PAPC can supply all
essential functions of Xlim1 during gastrulation. If, asmesodermal cells fail to move properly with the migrat-
ing mesoderm when transplanted into a wild-type host. implied above, protocadherins in addition to PAPC
could be involved in gastrulation as targets of Xlim1, itGarnering similar results in mutant to wild-type and mu-
tant to mutant transplantations also suggests that this is likely that exogenously supplied PAPC provides a
functional substitute for these related proteins; suchbehavior may be a cell-autonomous property of Lim1/
cells. Axial mesoderm associated with the neural plate “crossrescue” might be partly responsible for the fact
that rescue of Xlim1 depletion by PAPC is less efficientis essential for inducing the morphogenesis and pat-
terning of the cephalic neural tube of the mouse embryo than rescue by Lim1. We further suggest that protocadh-
erin expression depends on Xlim1 function only during(Camus et al., 2000). In Lim1/ ES cell-wild-type mouse
chimeras, the mutant cells colonize the anterior axial gastrulation, as the late expression of PAPC in paraxial
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mRNA (Winklbauer et al., 2001), 400 pg Xlim1 DEED, and 10 pgmesoderm is retained in Xlim1-depleted frog and
zebrafish Lim1, as indicated in Figure 4G. DMZ fragments wereLim1/ mouse embryos, consistent with the formation
dissected at S10.5 and lysed in 0.5% NP40 lysis buffer. Myc-PKCof somites in these embryos.
protein was immunoprecipitated with -Myc antibody (Upstate Bio-
A phenotype including loss of anterior structures, cur- technology) and assayed for phosphorylation with-phospho-PKC
vature of the axis, and a failure to close the blastopore antibody (Upstate Biotechnology).
is also generated in Xenopus embryos by perturbation
of the noncanonical Wnt signaling pathway (Habas et Cell Transplantation in Mouse Embryos
Lim1/ mice (Shawlot and Behringer, 1995) were crossed with twoal., 2001; Sumanas and Ekker, 2001; Tada and Smith,
lines of transgenic mice to produce embryos with cells that express2000; Winklbauer et al., 2001; Wunnenberg-Stapleton et
HMGCoA-lacZ (Tam and Tan, 1992) and actin-CMV-EGFP trans-al., 1999). Even though loss of Xlim1 did not affect the
genes (Hadjantonakis et al., 1998). The genotype of the resultantexpression of any component of the Wnt pathway that hybrid line (designated as LGX) is Lim1/;lacZ;EGFP. Late streak
was tested (see Figures 2Q–2V and 6K), we postulated stage embryos at 7.5 days post coitum (E7.5) were isolated from LGX
that the reduced level of PAPC might affect the activity by LGX matings, dissected free of decidual tissues and Reichert’s
membrane, and extraembryonic and embryonic portions were iso-of the small GTPase RhoA, a downstream component
lated. The extraembryonic tissues were used for genotyping by PCRof the noncanonical Wnt pathway and a key effector of
(Tsang et al., 2000). Transgenically tagged groups of cells werethe cytoskeleton. While protocadherins have not been
obtained by micro dissection with fine glass needles and were trans-linked to the regulation of RhoA activity, other members planted to defined sites in E7.5 wild-type random-bred ARC/s (
of the cadherin superfamily, such as E- and C-cadherin, CD1) embryos (Figure 5A). Transplantation was also performed on
have been implicated in this role (Fukata and Kaibuchi, Lim1/ E7.5 host embryos obtained from mating of the original
mutant mice that do not carry a transgene (Figure 5B). Immediately2001). By measuring the level of GTP-bound RhoA in
after transplantation, the location of the grafted cells was deter-gastrulating embryos we have shown that the loss of
mined by visualizing EGFP expression. The host embryos were cul-Xlim1 or the expression of a dominant-negative form
tured for 24–28 hr (Tsang et al., 2000). After fixation in 4% paraform-of PAPC abrogates RhoA activity. We conclude that a aldehyde, the embryos were stained with X-gal reagent and
function of Lim1 in gastrulation is to promote the expres- processed for wax histology.
sion of PAPC, which is required for cell behavior and
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